Background Trigeminal schwannomas are the second most common among intracranial schwannomas. These can arise from anywhere between the root and the distal extracranial branches of the trigeminal nerve. Clinical presentation depends on location and size, including but not limited to facial hypesthesia or pain, headaches, dizziness, ataxia, and diplopia. Literature is strikingly scant discussing the natural history of these lesions, while the treatment goals are heavily dependent on tumor presentation. Management decisions must be individualized to each tumor and each patient, while attempting to maximize the quality of life. We present the natural history of these lesions as well as their management by surgical resection or radiation therapy, and report long-term quality of life outcomes. Methods Between 2001 and 2015, 24 patients (66.7% female) with trigeminal schwannomas were diagnosed and managed at Vancouver General Hospital. We analyzed the clinical presentation, surgical results, resection rates, patient quality of life, and complications. To complete the evaluation, we prospectively collected 36-Item Short Form Health Survey (SF-36) quality of life assessments for comparison. Results We identified 12 patients treated with a craniotomy and surgical resection, 4 were treated with radiation therapy, while 8 patients were followed by observation. Mean age of study cohort was 49.2 years (range, 23-79 years), and most patients presented with facial hypesthesia (54.2%) and headaches (37.5%), while 37.5% were incidental findings. There were no major differences in patient demographics between the three groups. Patients offered surgery had larger lesions (mean diameter, 3.4 AE 1.1 cm) when compared with those that were irradiated or observed, and were more likely to have extracranial extension. Overall patient quality of life improved following treatment (ΔSF-36 þ 12.9) at 3.9 years. Conclusions The treatment goals of trigeminal schwannomas focus on improvement in neurologic symptoms, relief of mass effect, and preservation of cranial nerve function. We demonstrate that smaller lesions found incidentally with minimal symptoms can be followed safely with serial imaging, with 1 of 9 (11.1%) progressing to require treatment over the course of 7.1 years. Management of trigeminal schwannomas should be individualized with an involvement of a multidisciplinary skull base team.
Introduction
Trigeminal schwannomas are rare intracranial tumors of the skull base, accounting for up to 0.5 to 1.5% of intracranial lesions. [1] [2] [3] They are, however, the second most common among intracranial schwannomas. These tumors are mostly histologically benign, and can arise at any point along the course of the trigeminal nerve, from its root to the distal extracranial branches. 4 The presentation is variable, with many asymptomatic lesions discovered incidentally. Other lesions can present with facial hypesthesia, facial pain, headaches, diplopia, dizziness, and ataxia. Several schemes have been devised to describe these lesions, including the Jefferson classification and its modifications, or the Yoshida and Kawase classification (►Table 1).
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Management of trigeminal schwannomas is approached by a multidisciplinary team that includes neurosurgery, otolaryngology, and radiation oncology. The treatment paradigm varies depending on the surgeon and center experience. Unfortunately, the scientific literature is surprisingly devoid of discussions pertaining to the natural history of trigeminal schwannomas. Small, incidentally found tumors rarely cause symptoms, and conservative management with serial imaging is considered. 8 Should there be any questions pertaining to the accuracy of the diagnosis such as atypical radiographic characteristics, clinical course suggesting a rapidly progressing tumor, or other factors questioning the diagnosis of trigeminal schwannoma, biopsy may be considered for histopathologic analysis. Percutaneous biopsy of Meckel cave can be obtained, or alternatively, a more aggressive microsurgical debulking for complete or partial tumor resection. For surgical approaches, open microsurgical resection is the treatment of choice, with pure endoscopic and endoscopic-assisted techniques attempted in several case series with reasonable results. 1, 4 Radiation therapy is considered for patients with small-to moderate-sized tumors with intact cranial nerve (CN) function, or for patients with neurologic symptoms isolated to trigeminal CN dysfunction as these symptoms are likely to improve after treatment. It is also an option for residual tumors. Ultimately, management decisions are individualized to each tumor, each patient, and each community as the management of these potentially benign lesions involves neurologic structures, damage of which has a high impact on patient quality of life (QoL). We report a series of 24 trigeminal schwannomas that were managed between 2001 and 2015 by the senior author. The management paradigm at our institution involved observation of incidentally found and asymptomatic lesions, whereas those that were causing symptoms were considered for treatment. Radiation was selected for patients who preferentially selected that treatment or had additional comorbidities that prevented them from being a good surgical candidate. Our results are presented with focus on tumor control, treatment morbidity, and complications as compared between the three cohorts. In addition to natural history of trigeminal schwannomas, we provide long-term follow-up data complemented by QoL outcomes in the management of trigeminal schwannomas.
Methods
We undertook a retrospective review of the neurosurgical database at the Vancouver General Hospital. Between 2001 and 2015, 24 patients were diagnosed and managed for trigeminal schwannomas jointly at Vancouver General Hospital and the British Columbia Cancer Agency. A careful review of clinical records and radiological analysis was made and patients were categorized according to the management of their lesion: surgical resection and approach, radiotherapy, or observation with serial imaging. For patients in each category, we analyzed the tumor characteristics, clinical presentation, treatment results, complications, and patient-perceived QoL.
Tumor characteristics were analyzed for size (in anteroposterior [AP], lateral, and craniocaudal dimensions), and assigned a classification grade according to the middle and posterior fossae and extracranial space (MPE) Yoshida and Kawase classification (►Table 1). 6, 7 Each patient had their clinical presentation recorded at the time of their initial diagnosis and at the end of the treatment course, which includes postradiation outcomes for those patients treated with radiation therapy. Patients are reviewed at weekly multidisciplinary stereotactic conference that includes a neurosurgeon, neuro-oncologist, and a radiation oncologist. 36-Item Short Form Health Survey (SF-36) QoL questionnaires were collected at the time of the initial visit, and subsequent follow-ups. Additional surveys were mailed to patients to collect prospective data for long-term follow-up. 
Statistical Analysis
The patient demographics, clinical presentation, tumor imaging characteristics, surgical approaches, and postoperative outcomes were analyzed using descriptive statistics. The gross total resection (GTR) rates (determined from operative reports and confirmed on postoperative magnetic resonance imaging [MRI] imaging) for every studied tumor were compared. A p-value of < 0.05 was considered statistically significant. Data were collected using Microsoft Excel 2010 (Microsoft Corporation) and all variables were tested for an 
Results

Patient Population
We retrospectively reviewed the medical files and imaging studies of patients with trigeminal schwannomas treated at the Vancouver General Hospital and the British Columbia Cancer Agency between January 2001 and December 2015.
We identified 24 patients who fulfilled the criteria. The mean patient age was 49.2 years (range, 23-79 years), and there was a clear female predominance in the series (66.7% female). Those patients that underwent surgical resection were younger, and had larger tumors than those patients that had radiation therapy or were followed with imaging (3.43 vs. 2.03 vs. 1.83 cm, p ¼ 0.0037). Twelve patients underwent surgical resection given the size of their lesion or symptomatology. One 19-year-old patient with an incidental presentation had the lesion followed with imaging initially, but then underwent resection when growth was demonstrated 4 years after the initial presentation. Three of the patients had a planned subtotal resection due to significant invasion of the cavernous sinus proper on preoperative imaging, and subtotal resection with adjuvant radiation treatments were done postoperatively. There was one patient that had a recurrence (7.1%) who was followed with serial imaging. Four patients underwent radiation therapy and eight patients were managed conservatively with serial imaging. Of those patients undergoing radiation, three were due to symptoms and one was due to patient preference (►Table 2). They received fractionated stereotactic radiotherapy (FSRT) to a dose of 5,040 cGy in 28 fractions over 5.5 weeks. The median length of clinic follow-up for all patients was 79 months (range, 18-162 months) with no difference between the cohorts. ►Table 2 summarizes the demographics of the patient population.
Characteristics of Trigeminal Schwannomas
MRI was obtained in all cases and characterized. The size of each trigeminal schwannoma was measured in each compartment in coronal, axial, and sagittal views, with the tumor size being defined as the largest size in any single plane. The characteristics of the 24 cases of trigeminal schwannoma are summarized in ►Table 3. There were 9 small tumors (< 2 cm); 4 patients had a medium-sized tumor (2-3 cm). In 12 cases (50%), the maximum tumor dimension was greater than 3 cm; these were classified as large (3-4 cm) or extra-large (> 4 cm) 
Tumor size Small (< 1.9 cm) 1 (7.14) 2 (50. as in other studies. 10 Larger lesions were treated with surgical resection while smaller tumors underwent radiotherapy or were observed. Solid-type tumors were predominant over mixed solid and cystic-type in this series (79.2%). All the trigeminal schwannomas were classified based on the MPE classification, which divides the tumors based on location (►Table 1). 
Presentation and Symptom Resolution
Facial hypesthesia was the most common complaint in the surgical cohort at presentation (58.3%), along with headaches (33%), diplopia (33%), and facial pain (25%). Following treatment, 3 of 7 patients experienced improvement in facial hypesthesia, 1 of 7 had resolution, and 4 patients developed new facial hypesthesia. Two patients experienced improvement in facial pain, and one patient had resolution of facial pain. Additionally, 5 of 12 (41.7%) patients had atrophy of temporalis muscle on physical examination performed at last follow-up. Diplopia persisted in one patient (8.3%) attributed to partial CN VI palsy. There were no cases of hydrocephalus, changes to visual acuity, any hearing loss, or mortalities postoperatively (►Tables 4 and 5). One patient experienced titanium plate prominence that did not require surgical intervention, one patient had dry eyes, and there was one case of frontalis palsy. Of the patients undergoing surgery for GTR, 10 patients underwent a frontotemporal craniotomy with an orbitozygomatic osteotomy. One patient had an endoscopic resection of the lesion, and one patient had a partial labyrinthectomy with an anterior petrosectomy. Of the 12 patients operated on by the senior author, subtotal resection with goals of tissue diagnosis and decompression of neural structures was the objective in three patients. One patient developed a recurrence 25 months following the initial GTR which has been stable on follow-up imaging. Of the three patients that underwent surgical debulking, two had subsequent stereotactic radiation leading to stable disease, while another patient had gamma knife surgery in a different center.
Patients selected to undergo radiation therapy presented most commonly with facial hypesthesia (75%), headaches (75%), and facial pain (50%). There was no headache resolution following radiation, while 2 of 4 (50%) patients developed post-treatment headaches. Two patients developed facial pain (50%) while two others experienced increased discomfort. One patient (25%) developed ataxia. Two of four patients experienced cerebral edema that required admission and steroid administration, while one patient experienced scalp pain from the frame application (25%) (►Tables 4 and 5). There were no mortalities associated with radiation therapy, and tumor control was achieved in all patients. Serial imaging following treatment demonstrated stability in the volume of the tumors.
Those patients that had their lesions followed with serial imaging, experienced a relative stability of their symptoms over time. Most lesions were found incidentally (62.5%), with facial hypesthesia (37.5%), headaches (25%), and diplopia (12.5%) being common complaints. One patient (one-eighth) developed an improvement in their facial hypesthesia. We did not detect any significant growth in these lesions requiring intervention over a median follow-up of 7.1 years (range, 
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2.0-13.1 years), although as previously discussed, one 19-year-old patient who initially had his lesion followed by serial imaging required surgery after growth was demonstrated 4 years after presentation, demonstrating a natural history of 11.1% chance of progression (1/9). There were no new symptoms developed during the follow-up period (►Table 5).
Evaluation of Patient Quality of Life
Patient self-reported interpretation of functional health and well-being was recorded using SF-36 scores. On this scale of 0 to 100, the lower the score, the poorer the QoL. These were obtained when available from patients preoperatively, and postoperatively at first (6 weeks) and second (! 3 months) visits. The response rate was 84.6% at presentation, 83.3% following treatment with surgery or radiation, and 54.2% delayed response on average 49.7 months following presentation.
There was a nonsignificant trend to better overall QoL in all cohorts at delayed follow-up (►Table 6). Preoperatively, the surgical cohort had an overall poorer interpretation of their well-being when compared with the radiotherapy and observation groups (55. 
Discussion
Advances in both microsurgery and optimization of skull base techniques have resulted in a remarkable improvement in the outcomes of patients undergoing skull base surgery, and specifically including the resection of trigeminal schwannomas. Over the course of the last half-century, the mortality rate for these lesions has dropped from over 40% to 1 to 2% in modern cohorts. 2, 3, [11] [12] [13] The primary focus in the management of trigeminal schwannoma has thus shifted to restoration of affected CN function, preservation of existing neural circuits, and improving the patient QoL. While gross total removal through a surgical resection continues to be the gold standard in treatment, challenges with morbidity, cerebrospinal fluid (CSF) leak, as well as progression of subtotally resected lesions remains a challenge. 14 Management of trigeminal schwannomas remains a consideration for a multidisciplinary team approach, while tailoring the therapy regimen on an individualized basis for both the lesion and the patient.
Our surgical results are consistent with findings in the literature, where following resection, the majority of patients experience no change to their facial hypesthesia (53-72%) with a minority experiencing improvement (16-40%). 3, 15, 16 This is at par with our results of improvement in facial hypesthesia in 21.4% patients with 64.3% remaining stable. Temporalis atrophy is primarily a cosmetic issue, and while in some cases is noticeable, is not necessarily bothersome for the patients. We feel that surgical resection with the goal of gross total removal with minimal morbidity should remain as the gold standard.
Radiation Therapy Outcomes
Literature is abundant for patients undergoing stereotactic radiosurgery, which remains a reasonable option for primary treatment and patients that have progression after resection given the risks of reoperation. [17] [18] [19] [20] [21] [22] The use of radiation therapy must be balanced with dose selection for these lesions as their location near the brainstem necessitates a balance of anticipated therapeutic benefit and risk of adverse radiation effect. This decision should factor in patient age, lesion volume, and pathology. 23 Additionally, it offers advantages of a high tumor control rate and a low rate of radiation-associated complications. 8 Unfortunately, our experience remains quite sparse with just one patient in our series receiving stereotactic radiosurgery (SRS) and three patients with FSRT. The literature experience with use of FSRT for trigeminal schwannomas is quite limited. 8 It remains as an option for patients with a large lesion who may not be candidates for microsurgical resection or stereotactic radiosurgery. We report three patients who received FSRT with acceptable results, who selected radiation by choice and were recommended for FSRT by our radiosurgery group (►Table 5).
Observation
Eight patients in the observed cohort did not progress over the follow-up period with serial imaging and did not require any intervention. One patient that did initially have the lesion followed with serial imaging underwent surgical resection 4 years after the initial presentation. These lesions were small and did not have a dramatic impact on patient symptomatology (►Table 3). With serial scans at a yearly basis for the first few years, and then spaced out more infrequently, these lesions were managed expectantly. Given this natural history of trigeminal schwannomas, with an 11.1% chance of progression over median of 7.1 years (range, 2.0-13.1 years), we believe observation provides a realistic option for the management paradigm of these benign lesions if followed closely, as the literature currently does not support this management strategy.
Quality of Life
The patient-perceived QoL outcomes were documented using the SF-36 during the preoperative visit, postoperatively at the first follow-up appointment (6 weeks), and in a delayed fashion. To date, while there is an abundance of studies looking into QoL outcomes in management of other skull base lesions such as vestibular schwannomas, whether by radiation, surgical resection, or observation, there are no studies including patient QoL assessments when discussion management of trigeminal schwannomas. 24-27 Unfortunately, we were not able to collect and tabulate SF-36 scores from all the patients due to patient refusal, lost forms, or patient address change, and as such our delayed follow-up response rate was 54.1% (13/24) . Interestingly, the QoL remained durable following extended follow-up duration. The patients with trigeminal schwannomas are unlikely to experience mortality, have overall low morbidity, and the initial symptoms of pain and hypesthesia, that if improved, would stand to reason that these experiences would positively impact QoL. These values are nearing par with the SF-36 score Canadian normative data of 0.70 to 0.73. 28 More succinct data are needed to reliably establish pre-and postoperative QoL, but our data provide important initial insight into how patients with trigeminal schwannomas fare after open craniotomy and microsurgical resection of their tumors, as well as radiation therapy and observation.
Management of Trigeminal Schwannomas
Microsurgical resection, radiation therapy, and observation are at the cornerstone of management of patients with trigeminal schwannomas. Unfortunately, a "one-size-fitsall" approach is no longer appropriate, with multimodal management and a multidisciplinary approach predominating to lead to better therapeutic outcomes. Radical surgical resection provides the best long-term control rates, with surgical morbidity and neurological deficits rapidly declining as microsurgical techniques and surgical equipment advance (►Table 7). The risks and benefits of each of the surgical and radiation approaches should be balanced, and we also demonstrate that those lesions that are small and incidental can be safely followed with serial imaging with 11.1% (1/9) progressing over this period. While traditionally not advocated or supported, it should be carefully considered especially keeping the QoL data in mind.
Limitations
This is a single-institution retrospective chart review. The strength of our study is limited by being a single-surgeon experience and may not be generalizable, but this is true of most of the literature on this topic. There perhaps exists a selection/referral bias and this is a relatively small cohort. Additionally, wehavehad a limited set of responses with regards to QoL surveys, and as such the results may not be reflective of the overall patient experience as is the case with one long-term response in patients managed by radiation therapy.
Conclusions
While GTR of trigeminal schwannomas remains the gold standard treatment, good outcomes from radiation therapy as well as the option for observation with serial imaging necessitates a multidisciplinary approach for the management of these lesions with a dedicated "skull base team." When presenting treatment options to the patient that has a trigeminal schwannoma, it is important to list the risk and benefits of each management option. While historically surgery and radiation therapy were the main treatment options, observation should be considered as a safe and reasonable option for small, asymptomatic, and incidental lesions with a characteristic appearance of a trigeminal schwannoma given they are unlikely to progress. The results of long-term QoL assessments further support that with resection, patients ultimately observe an improvement after treatment of their tumors.
